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Abstract

The distribution of hydrothermal circulation within active volcanoes is of importance in identifying regions of hydrothermal
alteration which may in turn control explosivity, slope stability and sector collapse. Self-potential measurements, indicative of fluid
circulation, were made within the crater of Mount St. Helens in 2000 and 2001. A strong dipolar anomaly in the self-potential field
was detected on the north face of the 1980–86 lava dome. This anomaly reaches a value of negative one volt on the lower flanks of
the dome and reverses sign toward the dome summit. The anomaly pattern is believed to result from a combination of
thermoelectric, electrokinetic, and fluid disruption effects within and surrounding the dome. Heat supplied from a cooling dacite
magma very likely drives a shallow hydrothermal convection cell within the dome. The temporal stability of the SP field, low
surface recharge rate, and magmatic component to fumarole condensates and thermal waters suggest the hydrothermal system is
maintained by water vapor exsolved from the magma and modulated on short time scales by surface recharge.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Mount St. Helens is a young stratovolcano whose
recent eruptive history includes the lateral blast and
Plinian eruption of May, 1980 (Lipman and Mullineaux,
1981). Subsequent eruptions from 1980–86 built a
kilometer-wide dacite dome which cooled for nearly two
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decades (Swanson et al., 1987; Swanson and Holcomb,
1990) until dome-building resumed in the fall of 2004,
approximately 500 m south of the 1980–86 dome. The
newly extruded dome of the current eruptive sequence
reached a volume half that of the 1980–86 dome as of
February, 2005 (Major et al., 2005). Since 1983 there has
been continuous fumarolic activity on the 1980–86 dome,
though it is unclear whether such activity is related to a
shallow hydrothermal cell within the dome or the boiling
of a deep water table (Hurwitz et al., 2003). Furthermore,
hot, mineral-rich waters emerge through a series of
springs and seeps within the breach, the 1–2 km2 region
north of the dome exposed by the lateral collapse of May
18, 1980. While these surface observations give indica-
tions of hydrothermal activity within the crater of Mount
on at Mount St. Helens determined by self-potential measurements,
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St. Helens, the existence, depth, distribution, and stability
of such hydrothermal cells is unknown.

The self-potential (SP) method is a geophysical
technique employed in many applications, including
mineral and geothermal exploration, environmental in-
vestigations, and volcanic studies (Nyquist and Corry,
2002). In a SP survey, small voltages generated by
geochemical reactions, fluid flow, or temperature var-
iations are measured at the Earth's surface. Active vol-
canoes commonly exhibit regional SP anomalies greater
than 1 V (for example, Mt. Unzen in Japan (Hashimoto
and Tanaka, 1995); La Fournaise on Reunion Island
(Michel and Zlotnicki, 1998). Stronger 2–3 Vanomalies
have been measured on Mt. Fuji in Japan (Aizawa et al.,
2005) and Agadak volcano in Alaska (Corwin and
Hoover, 1979), and a 4 Vanomaly was reported on Misti
Volcano in Chile (Thouret et al., 2001; Finizola et al.,
2004). Self-potential measurements are primarily used
to map lithologic boundaries (e.g., faults, dikes, buried
caldera structures) and infer circulation patterns of sub-
surface fluids (Zlotnicki et al., 1998; Aubert et al., 2000;
Revil et al., 2004). In addition to spatial variations,
temporal variations have been observed prior to eruptions
(Miyake-jima, Sasai et al. (2002); Mount Etna, Lénat
(1995)), coincidentwith volcanoseismic tremors (Byrdina
et al., 2003), and during fumarole activity (Aizawa, 2004).
The self-potential method is finding increased use as an
important volcano monitoring technique.

The self-potential anomalies measured on volcanoes
are believed to be due to a combination of electrokinetic,
thermoelectric, and fluid disruption effects. In the elec-
trokinetic (EK) effect, an electric field is generated as
fluids move through a porous medium (Nourbehecht,
1963) and is believed to be a major contribution to the
strong SP anomalies measured on active volcanoes.
Chemical complexation at the mineral/pore water inter-
face gives rise to a charge separation, and hence a net
current density, during flow of the pore fluid (Revil
et al., 1999). This is the opposite of electro-osmotic
flow, in which an applied electric field generates fluid
flow via viscous coupling of free charges and the pore
fluid (Pretorious et al., 1974). For both phenomena, the
sign of the generated voltage, in relation to fluid flow
direction, is determined by the zeta potential, a pro-
portionality constant which takes into account the elec-
trochemical properties of the matrix/pore water
interface. For most earth materials, the zeta potential is
negative, resulting in positive voltages for upward fluid
flow. In volcanic systems, EK voltages are thought to
result from convective hydrothermal cells that are sus-
tained by magma at shallow depths. The electrokinetic
effect also generates self-potentials in the absence of
Please cite this article as: Paul A. Bedrosian et al., Hydrothermal circulati
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geothermal activity due to the topographically-driven
flow of groundwater. The resulting SP signal is cor-
related with topography, allowing it to be distinguished
from signals of geothermal origin (Jackson and
Kauahikaua, 1987). Thermoelectric (TE) effects can
also produce voltage gradients arising from the Soret
effect, in which differential diffusion of ions in a pore
fluid is imposed by a thermal gradient. Though probably
a contributing factor, the thermoelectric effect, known to
produce SP anomalies of up to ∼200 mV (Corwin and
Hoover, 1979), does not explain the much larger anom-
alies measured on volcanoes throughout the world.
Rapid fluid disruption (RFD), suggested by Johnston
et al. (2001, 2002), is a two-phase charge separation
mechanism capable of producing significant self-
potentials during vaporization as hot rock comes into
contact with subsurface fluids. Depending on the degree
of vaporization, either positive or negative potentials
may be generated, and may explain the presence of SP
anomalies in hot, dry regions where fluid flow is un-
expected. While there is disagreement over the role and
necessity of RFD in explaining volcanic SP anomalies
(Revil, 2002), Johnston et al. (2002) have shown in no-
flow experiments that RFD is capable of producing large
potentials (up to several volts).

Several previous SP studies have been undertaken at
Mount St. Helens. Continuous recording of the self-
potential on the volcano's east flank was made over a
two year period beginning in September, 1980, four
months after the paroxysmal May eruption (Davis et al.,
1989). Significant SP changes were measured during the
last major pyroclastic eruption (October 16–18, 1980),
however, these measurements used only a few electro-
des, and it is not known if the potential changes were
due to volcanic processes or simply rainwater flowing
over the electrodes. This is an inherent limitation of
monitoring temporal variations of the self-potential field
with a limited number of electrodes. Separating local
electrode noise from volcanic signals requires repeated
SP surveying with significant spatial coverage.Measure-
ments of this kind were initiated at Mount St. Helens in
1982. A SP survey extended from the south crater wall to
a location 2 km north of the then forming dome, with
100 m spacing between measurement locations (Dan
Dzurisin, pers. comm.). These measurements revealed a
positive anomaly near the dome and along the axis of the
breach. An east–west trending negative anomaly was
also noted along the rampart, a pronounced step in
topography ∼1 km north of the dome.

This paper describes self-potential surveys within the
crater during 2000–2001, prior to the recent and con-
tinuing dome-building event that began in 2004. A
on at Mount St. Helens determined by self-potential measurements,
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strong dipolar anomaly was measured on the north face
of the 1980–86 dome. The origin of this anomaly is
discussed in terms of electrokinetic, thermoelectric, and
fluid disruption effects, and implications for the shallow
plumbing of the volcano are discussed.

2. Self-potential measurements

The self-potential survey began in August 2000,
14 years after the last dome-building event. The primary
goals of these measurements were to map the self-
potential field of the crater as a baseline for future
monitoring efforts and to determine the extent of
hydrothermal circulation in the vicinity of the 1980–86
dome. SP data were collected over a one-week period in
August 2000 along a series of profiles (Fig. 1, BB′, CC′,
DD′) on the breach and northern flank of the dome. Data
coverage on and around the domewas limited by rockfall
hazards from the dome and crater walls. SP data were
additionally acquired along profile AA′, continuing
north from location B, resulting in a combined 2.5 km
Fig. 1. Crater of Mount St. Helens in summer 1994 showing the
breached northern flank and 1980–86 composite lava dome. White
circles denote 2000 SP measurement locations grouped along profiles
AA′, BB′, CC′, and DD′. Additional measurements made in 2001
include the eastern spur off profile DD′ and a series of spot
measurements near the dome summit. Radii R1 and R2 are measured
from the dome summit and are discussed in the text. Asterisk (⁎)
denotes the location of fumaroles at the time of the survey; plus (+)
symbols indicate locations where thermal waters were sampled. Major
geomorphic features are noted.

Please cite this article as: Paul A. Bedrosian et al., Hydrothermal circulati
Journal of Volcanology and Geothermal Research (2006), doi:10.1016/j.jv
profile from the top of Step Falls to within 100 m of the
dome summit. Measurements were made using a high
input-impedance (10 MΩ) voltmeter and a pair of Pb/
PbCl2 porous-cap electrodes. A second survey in
September 2001 collected additional data in the vicinity
of the dome after repeating measurements along profile
DD′ to determine if time-variations in the SP field were
significant. In both surveys, self-potential measurements
were made every 50 m using an expanding dipole setup
with a fixed base station (Corwin and Hoover, 1979).
The running electrode was loosely planted during the
measurements in one of 2–4 shallow holes spread
throughout a 1 m2 area. Measurements made in this
manner allow the variability in the self-potential at each
location to be assessed and permit computation of a
standard error.

The main sources of error in self-potential explora-
tion are (a) contamination from telluric signals and (b)
electrode polarization. To determine the effect of telluric
signals on the measured data, a fixed-length dipole was
deployed parallel to the SP dipole. Several days of
monitoring the fixed dipole showed the telluric effects to
be negligible over the time scale of our measurements.
To account for electrode polarization, the two electrodes
were placed in a saturated salt water bath and the po-
tential between them measured at the beginning and end
of a series of measurements. A linear drift correction
was then applied to all intermediate measurements. In
2001, direct comparison with a pair of high stability
(polarization b1 mV) electrodes verified that electrode
polarization was a minor contribution and was ade-
quately removed through the applied drift correction.
Standard errors in the measurements are dominantly the
result of the highly variable lithology within the breach,
due in turn to the juxtaposition of numerous debris
flows, surge deposits, and rockfalls.

Covering the northwest flank of the dome required
taking measurements on snow. A small quantity of salt
(b200 g) and water were used to reduce the contact
resistance to a reasonable value (∼500 kΩ two-way
averaged resistance). Themeasurements on snow proved
repeatable, varied smoothly from site to site, and gen-
erally had smaller standard deviations than measure-
ments made on ash. As the dome is surrounded by
snowfields on two sides, the ability to make SP mea-
surements on snow is of importance to future surveys
aimed at extending coverage of the dome.

Field measurements were taken relative to stations
Step, B, and C, and all data were subsequently ref-
erenced to the northernmost station Step (Fig. 1). This
station was chosen as a reference as it is furthest from
suspected anomalies near the dome. Three levels of
on at Mount St. Helens determined by self-potential measurements,
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averaging were employed to arrive at a final SP value for
each location. Multiple measurements within each hole
were first averaged. A weighted average was then used
to average over the 2–4 holes at any given location.
Finally, as most sites were reoccupied several times
throughout the survey, a weighted average was taken
over these measurements. Error propagation was ap-
plied to determine the standard deviation of the final
reading; the average site deviation was 11 mV, though
some locations have deviations as high as 50 mV. These
errors represent less than 5%, and typically 1%, of the
self-potential range (1500 mV) measured throughout the
survey area.

3. SP observations

The general trend in the data is seen by examining the
self-potential along four main profiles (labeled in Fig. 1)
as a function of distance south of reference station Step
(Fig. 2a). A prominent dipolar anomaly was measured
on the north flank of the dome. This anomaly is visible
on the three profiles covering the dome, with a mag-
nitude three times that of all other variations within the
survey area. A strong negative gradient (−9 mV/m) is
observed on profiles BB′, CC′ and DD′ before reversing
sign on the upper flanks of the dome. Additionally, a
Fig. 2. Self-potential along sub-parallel profiles within the crater of Mount St.
bars are shown at measurement locations. (a) Self-potential versus distance s
profile AA′BB′. (b) Self-potential for profiles covering the dome versus ra
magnitude of the negative anomaly and departure from the background
characteristic radii among the three profiles.
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series of point measurements near the top of the dome
continue the trend observed along the profiles.

The measured anomaly appears coincident with the
break in topographic slope of the dome. Given the
dome's symmetry, it is instructive to further examine the
SP data as a function of radial distance from the dome
summit, as shown in Fig. 2b. If our SP data are sampling
part of a symmetric, dome-scale anomaly, we expect
major changes in SP to occur at fixed radii along the
three profiles covering the dome. Indeed, a SP minimum
occurs at R1=360–430 m along all profiles, and returns
to a background value at R2=615–670 m from the dome
summit. Though consistent with a circular, dome-scale
anomaly, the data alone do not require it.

It is possible the measured anomaly is limited to the
north side of the dome, and simply reflects its composite
nature. The 1980–86 lava dome is comprised of a series
of overlapping extruded lobes, the boundaries of which
may act as fluid pathways. Alternatively, between 1989
and 1991, a series of explosions issued from a vent on
the north side of the dome (Mastin, 1994). This vent was
believed to be located along an extensional fault that has
subsequently been covered by lava and rockfall debris.
It is thus possible the anomaly is associated with this
buried vent. Additional SP data, however, collected in
2001 on the northeast flank of the dome (easternmost
Helens. Potentials are referenced to the northernmost station Step. Error
outh of reference station Step. Thin solid line denotes elevation along
dial distance from the summit. Radii R1 and R2 characterize the peak
field level, respectively. Light gray bars denote the range of these
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spur in Fig. 1) support the possibility of a dome-scale
ring anomaly, showing a trend similar to the three
profiles shown. Without additional measurements it is
impossible to determine whether the measured anomaly
is part of a larger dome-scale anomaly or is localized
along the dome's north flank.

4. Interpretation and discussion

4.1. Topographic effect

Do our self-potential results indicate a topographic
effect? This negative linear relationship between topog-
raphy and self-potential is associated with groundwater
flow, i.e., a gravity-driven hydrogeologic effect. It has
been suggested that the resulting voltage varies with
vadose zone thickness (Jackson and Kauahikaua, 1987).
Modeling by Ishido (2004) concurs, finding that down-
ward fluid flow in the vadose zone and underlying water
table generates an observable topographic effect. Self-
potential surveys on many volcanoes have measured
potentials with gradients ranging from 1–10 mV per
meter of elevation change (Hashimoto and Tanaka,
1995; Zlotnicki et al., 1998). Fig. 3 shows self-potential
as a function of elevation for the four profiles shown in
Fig. 2a. Despite the moderate topography, there is no
consistent correlation between elevation and self-
potential. Topographic effects are expected to be most
Fig. 3. Self-potential versus elevation for the four profiles shown in Fig. 2a. Poten
apart along the ground. Shaded area indicates the range of topographic gradients
between 1500 m and 1800 m elevation, where competing mechanisms are unli
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apparent far from the dome, where competing hydro-
thermal processes are not expected. Thus the breach
region, with elevations ranging from 1500–1800 m, is
most significant in assessing topographic effects. Rather
than showing the negative slope expected from a topog-
raphic effect, the slope is slightly positive, as seen from
the best-fit line to the data.

These data may indicate a vadose zone of relatively
uniform thickness, possibly resulting from an imperme-
able boundary preventing flow from the vadose zone into
a deeper water table (Finizola et al., 2002, 2004).
Pyroclastic surge deposits, laid down during the 1980
eruption sequence, may form such a boundary. It is more
probable, however, that the lack of a topographic effect
within the crater of Mount St. Helens reflects a lack of
meteoric influx. The strong topographic effects observed
elsewhere have been on volcanoes with 4–12 m/yr of
rainfall, far greater than the 1–2 m annual rainfall at
Mount St. Helens, though comparable to further mod-
eling by Ishido (2004) which produced a topographic
effect. There may, however, be reason not to expect a
topographic effect at Mount St. Helens. Based on the
high permeability and low recharge rates of Cascade
Range stratovolcanoes, Hurwitz et al. (2003) suggest the
water table beneath these volcanoes may be quite deep.
Furthermore, the authors argue that the presence of
hydrothermal discharge high on the edifice implies that
topographically-driven flow is restricted. Taken together,
tials are relative to northernmost site Step, with adjacent points 50–100m
observed on other volcanoes, while thick gray line is the best-fit to SP data
kely.

on at Mount St. Helens determined by self-potential measurements,
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the low rate of recharge, high permeability of the dome
(Mastin, 1994), and high-elevation discharge through
Loowit and Step Creeks offer a consistent explanation for
the lack of an observed topographic effect within the
crater of Mount St. Helens.

4.2. Source mechanisms

In discussing the cause of the measured anomaly, it is
instructive to consider the depth of the likely source. As
occurs with other potential field methods, the width of
an observed self-potential anomaly is on the same order
of magnitude as the depth to its source. As discussed
previously, the measured anomaly may represent part of
a negative ring anomaly centered about the dome with a
diameter of ∼1300 m, encircling a positive disc of
∼800 m diameter (Figs. 1 and 2b). The source is thus
located at relatively shallow depth (b1.5 km). This
represents a maximum source depth, as the measured
anomaly is only mapped for ∼600 m, suggesting an
even shallower source beneath the north flank. Regard-
less, the causative mechanism is likely to be confined to
within or just below the kilometer-wide dome.

What is known about the thermal structure of the
composite dome? A strong heat source is suggested by
the continuous fumarolic activity on the dome. During
the 2001 survey, gas temperatures of 60°–85 °C were
measured at several fumaroles on the north flank. A
shallow heat source was further inferred from repeated
magnetic measurements by Dzurisin et al. (1990), who
estimated the magnetized carapace was growing at a
rate of 2–4 cm/day. Extrapolating the authors' findings
to 2000 gives an expected Curie depth (TN300 °C) of
75–150 m. Evidence for a shallow heat source also
comes from the Loowit hot springs and a series of high
temperature seeps leading into Step Creek.

The source of the dipole anomaly thus lies at rel-
atively shallow depths within a hot dome. Possible
generating mechanisms include thermoelectric effects
and processes related to hydrothermal circulation, i.e.,
requiring water and/or water vapor. A thermoelectric
contribution to the central positive anomaly is
expected, as elevated temperatures occur at shallow
depths within the dome. Thermoelectric coupling
coefficients, however, are typically a few tenths of a
mV/°C and rarely produce anomalies larger than
200 mV (Corwin and Hoover, 1979). Despite the
high temperature of a near-surface dacite melt (930 °C,
Rutherford et al., 1985), it is unlikely that the
thermoelectric effect alone produces the abrupt upturn
from nearly −1000 mV on the lower flanks to
+300 mV on the upper flanks of the dome. Further-
Please cite this article as: Paul A. Bedrosian et al., Hydrothermal circulati
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more, thermoelectric effects cannot adequately explain
the large negative potentials measured.

Rapid fluid disruption effects can likewise generate
positive potentials during vaporization (Johnston et al.,
2001, 2002), and the necessary elevated temperatures
are present beneath the dome of Mount St. Helens.
Rainfall percolating down to hot dacite will be va-
porized, as well as waters exsolved from a slowly crys-
tallizing subsurface melt. Given the persistence of
fumaroles on the dome and the progressive magnetiza-
tion of the dome, it is hard to argue that RFD does not
contribute to some degree. Revil (2002) have argued
that potentials attributed to the RFD mechanism can
alternatively be described solely by electrokinetic ef-
fects. Measurements by Johnston et al. (2002), however,
using samples of the Mount St. Helens dacite under
conditions relevant to the 1980–86 dome, found that
vaporization produced RFD potentials much larger than
EK potentials generated during fluid flow. RFD may
thus be the dominant mechanism giving rise to the
positive potentials over the dome summit. Again, how-
ever, it is difficult to explain the large negative potentials
with the RFD mechanism.

The negative self-potential observed on the lower
flanks of the dome can only be explained via the elec-
trokinetic effect, and hence implies subsurface fluid
flow. We wish to emphasize that, though this region
shows a clear correlation with topography, we do not
consider it to be a topographic effect as it is localized
and clearly associated with hydrothermal activity.

The direction of fluid flow is dependent on the sign of
the zeta potential. While Hase et al. (2003) found
samples from Aso caldera, Japan with positive zeta
potentials, measurements on the Mount St. Helens dacite
are more conventional, with a zeta potential averaging
−29mV/bar. Thus the negative self-potentials arise from
downward fluid flow within or along the flanks of the
dome. Furthermore, such fluid flow is limited to the outer
∼100 m of the dome by the thermal constraints
described in the magnetic study of Dzurisin et al.
(1990). The EK effect probably contributes to the central
positive anomaly as well, in a source region located
between the surface and the vaporization isotherm.

4.3. Circulation model

The prominent dipolar anomaly reflects a combina-
tion of TE, RFD, and EK effects. More importantly,
these results imply movement of fluids and vapor within
the 1980–86 lava dome. Possible sources for these fluids
include meteoric recharge, magmatic waters released
from a cooling dacite melt, and groundwater from a
on at Mount St. Helens determined by self-potential measurements,
olgeores.2006.09.003.
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presumably deep water table. Sampling of dome
fumarole condensates suggests a simple mixing between
exsolved magmatic water vapor and local meteoric
waters, with between 30 and 70% magmatic input
(Shevenell and Goff, 1993). A magmatic component is
also present in the thermal waters of Loowit creek,
though 90% of its waters are meteoric in origin. The
mixing of groundwater cannot be ruled out, although the
geochemical data suggest the waters are predominantly
young. Fluid flow furthermore appears restricted to the
shallow debris avalanche and pyroclastic deposits laid
down during the May 18, 1980 eruption (Shevenell and
Goff, 1995).

The relative importance of magmatic and meteoric
waters to hydrothermal circulation is of interest for future
monitoring efforts. Should circulation be fed primarily
by surface recharge, it is difficult to differentiate rainfall-
induced SP variations from those related to magmatic
disturbances. To better constrain the role of meteoric
recharge, repeat measurements taken along profile DD′
during the 2001 field campaign are examined (Fig. 4).

No volcanic or unusual seismic activity was reported
between the 2000 and 2001 surveys. Annual rainfall
prior to the 2000 measurements was 100–125 cm and
several snowfields were present on the north flank of the
dome at the time of the survey. By comparison, preci-
pitation in the year prior to the 2001 measurements
amounted to only 60–70 cm, and the north face of the
dome was free of snow during the survey. While repeat
measurements were limited to one profile, little differ-
ence is observed in the SP field between successive
years. There is some indication that the broad anomaly
coincident with the dome is of larger spatial wavelength
in 2001, possibly indicating growth (expansion) of the
underlying hydrothermal system. It is unlikely, however,
that this change is associated with meteoric recharge, as
less precipitation occurred in 2001 than 2000.

Though infiltration of surface water into the volcano
is expected to cause changes in self-potential, the time-
Fig. 4. Comparison of self-potential measurements made in 2000 and 2001
wavelengths despite significant differences in rainfall in 2000 and 2001.

Please cite this article as: Paul A. Bedrosian et al., Hydrothermal circulati
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scale of such infiltration is unknown. The stability of the
repeat measurements during years with variable rainfall
and snowmelt suggests seepage occurs either on time
scales of hours to days, in which case only a short-lived
SP signature is expected, or on longer time scales of
years to decades. Mastin (1994) examined the correla-
tion between rainfall and explosive tephra emissions at
Mount St. Helens and found significant correlation on
time scales of 4–6 days, suggesting infiltration occurs
rapidly. Modeling studies by Elsworth et al. (2004) of
rainfall infiltration into the fractured andesitic dome of
Montserrat (a close analog to the Mount St. Helens lava
dome) further suggest times scales of hours are more
appropriate. Since precipitation was absent in the two
weeks prior to both surveys, no associated change in the
SP field would be expected. It is thus likely that me-
teoric recharge acts as a short-term modulator of the
stable background signal. During times of meteoric
recharge, the negative anomaly on the lower flanks of
the dome is likely enhanced, while the positive anomaly
near the dome's summit is subdued.

Can the observed self-potential field be maintained
by vapors exsolved from a cooling magma? By mod-
eling the 1980–86 lava dome as a system open to
continuous magmatic degassing, Shevenell and Goff
(2000) estimate that as of 2000, roughly 63% of the
water in the original 1980 magma remained in the melt.
Thus a steady extraction of water vapor (which com-
prises ∼95% of the magmatic volatiles; Rutherford and
Devine, 1988) could potentially sustain hydrothermal
circulation within the dome, as well as supply fumaroles
and contribute to thermal springs within the breach. We
propose a model in which hydrothermal circulation is
generated and maintained by exsolved magmatic
vapors, and modulated on short time scales (hours to
days) by surface recharge (Fig. 5). Electrokinetic, rapid
fluid disruption, and thermoelectric effects contribute to
the observed positive anomaly near the dome summit,
while downward flow within the flanks of the dome
along profile CDD′. Note the close agreement at both short and long

on at Mount St. Helens determined by self-potential measurements,
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Fig. 5. Inferred hydrothermal circulation within the 1980–86 lava dome looking east. The hydrothermal cell gives rise to the measured dipolar self-
potential anomaly, with rising potentials near the summit (rbR1) and negative values on the lower flanks (R1brbR2). The extent of circulation may
be on a dome-scale, as shown, or localized to the northern flank of the dome. Water vapor (dashed arrows) exsolved from a deep cooling magma
condenses at shallow levels within the lava dome with return flow within and along the flanks of the dome (solid arrows). Circulation is likely
modulated on short time-scales by meteoric recharge, giving rise to the mixed magmatic/meteoric signature of both dome fumarole condensates and
thermal waters. There is limited system loss to Loowit and Step Creeks as well as dome fumaroles.
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probably gives rise to the negative anomaly on the north
flank. The composite nature of the dome, formed through
a series of extruded lobes, may furthermore act to focus
downward circulation along the boundaries of such extru-
sions. A zone of two-phase flow probably exists at the
base of the fluid cell, where RFD is expected to contribute.

Though the degassing magma may reside deep within
the conduit that supplied the 1980–86 dome, fluid
convection is quite shallow (b1.5 km), limited by the
shallow vaporization isotherm. With our limited survey
coverage, it is impossible to tell whether circulation is on a
dome-scale, as depicted, or within one or more focused
zones along the northern flank. Furthermore, it is difficult
to quantify how much water is required to produce the
measured SP signal. In the EK effect, the voltage gen-
erated scales with the applied pressure gradient, which via
Darcy's Law is proportional to the volumetric flow rate.
For a fixed flow rate it is the zeta potential, that determines
Please cite this article as: Paul A. Bedrosian et al., Hydrothermal circulati
Journal of Volcanology and Geothermal Research (2006), doi:10.1016/j.jv
the magnitude and size of the resulting voltage. Studies of
zeolitized volcanic materials found zeta potentials 2–3
times larger than in corresponding unaltered materials
(Revil et al., 2002). This alteration, the result of chemical
weathering of minerals by hot hydrothermal fluids, is
observed at the surface, and is almost certainly occurring
within the dome. This alteration, together with the high
temperature of the dome, will tend to amplify the EK
signature. Thus it is plausible that high volumetric flow
rates are not required to generate the self-potentials
observed.

The repeatability of SP measurements under varying
surface conditions and their long-term stability with
respect to rainfall are important for monitoring future
activity at Mount St. Helens. The 2004–05 lava dome
offers an opportunity to follow the establishment and
development of a hydrothermal cell within a newly
extruded dome. It further offers the possibility of
on at Mount St. Helens determined by self-potential measurements,
olgeores.2006.09.003.
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differentiating between the various generating mechan-
isms, as the EK effect is unlikely to contribute within the
presumably dry, freshly extruded dome.

5. Conclusions

A dipolar self-potential anomaly was detected within
the crater ofMount St. Helens. Data coverage was limited
to the north flank of the 1980–86 dome, where the
anomaly reaches peak values of −1 Von the lower flanks
before reversing sign higher up. While this anomaly may
be related to a previous vent location, its radial symmetry
suggests it is part of a larger ring-shaped anomaly centered
about the dome.

There is no evidence of a topographic effect. This may
indicate a deep water table with weak topographically-
driven flow or, alternatively, a shallow aquifer perched
atop an impermeable flow boundary. A localized corre-
lation between self-potential and topography observed
on the lower flanks of the dome is probably of hydro-
thermal origin.

The dipole anomaly is attributed to the upward
circulation of geothermal waters toward the apex of the
dome with return circulation occurring further down the
slopes, possibly channeled along boundaries between
past extrusions. The measured anomaly is supportive of
a dome-scale ring anomaly, though due to our limited
coverage, we cannot rule out a more localized anomaly
The spatial wavelengths of an inferred ring anomaly
(∼1300 m diameter for the negative ring, and ∼800 m
for the positive disc) provide a maximum estimate of
source depth, and indicate that hydrothermal circulation
is shallow (b1.5 km). Fluid circulation within the dome
of Mount St. Helens is very likely generated and main-
tained by waters from a degassing magma at depth,
modulated on short time scales by meteoric influx. The
long-term insensitivity of the SP field to precipitation
changes suggests the self-potential method is an
effective monitoring tool at Mount St. Helens
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